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We investigate the electronic transport property of lateral heterojunctions of semiconducting and
metallic transition-metal dichalcogenide monolayers, MoSe2 and NbSe2, respectively. We calculate
the electronic transmission probability by using a multi-orbital tight-binding model based on the
first-principles band structure. The transmission probability depends on the spin and valley degrees
of freedom. This dependence qualitatively changes by the interface structure. The heterostructure
with a zig-zag interface preserves the spin and the valley of electron in the transmission process.
On the other hand, the armchair interface enables conduction electrons to transmit with changing
the valley and increases the conductance in hole-doped junctions due to the valley-flip transmission.
We also discuss the spin and valley polarizations of electronic current in the heterojunctions.
I. INTRODUCTION
Transition-metal dichalcogenides (TMDCs) are layered
materials of atomically thin two-dimensional crystal con-
sisting of transition-metal and chalcogen atoms, and the
monolayer has been attracted much attention in con-
densed matter physics. In semiconducting TMDC mono-
layers, electrons have two discrete degrees of freedom,
spin and valley, due to the band structure.1,2 Strong
spin-orbit coupling (SOC) leads to spin-related physics
in TMDCs,3,4 and the valley-dependent Berry curvature
causes valley Hall effect.5 Therefore, TMDC monolayers
have been researched for applications in spintronics6–9
and valleytronics10–13. Since the electronic spin direc-
tion is locked to the valley due to the strong SOC, the
valleytronics and the spintronics can be combined, e.g.,
the valley can be detected as the spin.
Stable monolayers can be fabricated by cleaving from
a crystal14–16 or chemical vapor deposition (CVD) on a
substrate17,18. The experimental techniques enable to
compose heterostructures consisting of different atomic
layers. The first-designed heterostructure is a stack-
ing of different atomic layers, so-called van der Waals
heterostructure, and it has opened several areas of re-
search and application: optics19, electric transport20,
and exciton physics21,22. The lateral heterostructure
is composed of two atomic layers bonded as a single
layer, and that of semiconducting TMDCs has been real-
ized by CVD.23–29 The semiconducting heterojunction
has been investigated theoretically8,30 and experimen-
tally applied to p-n junction31,32, valleytronics33, and
optoelectronics34. Such the junction provides novel elec-
tronic properties for semiconducting TMDCs.
Metallic TMDCs have also attracted much attention
in terms of condensed phases. The TMDC of group-V
transition metal atom, Nb and Ta, is metallic and has
been discovered to show superconductivity35,36 and the
charge density wave (CDW)37,38, even in the monolayer.
NbSe2 monolayer, even in the normal phase, has qualita-
tively different property of conduction electrons from the
semiconducting monolayers. There are three Fermi pock-
ets in the first Brillouin zone whereas the semiconducting
members have two pockets called the K and K ′ valleys.
Each pocket has both the up-spin and down-spin states.
Thus, the correlation between the spin and valley degrees
of freedom, the key property of semicondcuting monolay-
ers for combining the spintronics and the valleytronics , is
absent in the metallic monolayers. We consider the lat-
eral heterojunction of the metallic and semiconducting
TMDC monolayers and show that it induces the correla-
tion between the spin and the three valleys.
In this paper, we report our investigation of the spin
and valley-dependent electronic transport property of the
lateral heterojunction of MoSe2 and NbSe2 monolayers,
metallic and semiconducting TMDCs, respectively. We
consider two types of interface for such the junction as
shown in Fig. 1. The electronic transmission is quali-
tatively different in two types of interface, the armchair
interface in (a) and zig-zag interface in (b). We com-
pute the spin and valley-dependence of electronic con-
ductance by using first-principles band calculation and
lattice Green’s function method, and we show the valley-
spin correlated transmission effect. This result gives a
fundamental knowledge for spintronics and valleytronics
in lateral heterojunctions.
II. BAND STRUCTURE
The TMDC monolayer consists of three sublayers, a
sublayer of transition-metal atoms sandwiched by two
sublayers of chalcogen atoms. The transition-metal
atoms, Nb or Mo, and chalcogen atoms, Se, are strongly
bonded and form two-dimensional hexagonal lattice as
shown in Fig. 1 (c). We plot the band structure of
pristine monolayer of NbSe2 and MoSe2 in Figs. 2 (a)
and (b), respectively. These bands are calculated by us-
ing quantum-ESPRESSO, a first-principles calculation
code39. Here, we adopt a projector augmented wave
(PAW) method with a generalized gradient approxima-
tion (GGA) functional including SOC, the cut-off en-
ergy of plane wave basis 50 Ry, and the conversion cri-
terion 10−8 Ry. The lattice parameters are also calcu-
2FIG. 1. The schematics of atomic heterostructure of MoSe2
and NbSe2 with an armchair interface (a) and a zig-zag inter-
face (b). The unit cell of this junction is indicated by a square
frame in (a) and (b). The crystal structure and the primitive
unit cell of TMDC monolayer in (c) and (d), respectively. The
two arrows indicate the lattice vectors.
lated by lattice-relaxation code of quantum-ESPRESSO
as aNb−Nb = 3.476A˚ and dSe−Se = 3.514A˚ in NbSe2,
and aMo−Mo = 3.319A˚ and dSe−Se = 3.343A˚ in MoSe2,
where aM−M (dX−X) is the horizontal (vertical) distance
between nearest neighbor transition-metal (chalcogen)
atoms.
MoSe2 monolayer is a semiconductor and has a direct
gap at the K and K ′ points in the Brillouin zone. At
the band edge, the electronic states split into two spin
states due to SOC (see Fig. 2), where the spin-split in
the valence band is much larger than that in the conduc-
tion band. Here, the spin axis is restricted in the out-of-
plane direction due to crystal symmetry.1 We show the
Fermi surface of electron-doped and hole-doped mono-
layers with the charge density n = −1 × 1014 cm−2 and
1×1014 cm−2, respectively, in Fig. 3. The Fermi pockets
appear around the K and K ′ points, and each pocket
is so-called a valley. In the hole-doped monolayer, the
spin is fully polarized in each valley up to |n| ∼ 1014
cm−2, the experimentally feasible charge density by us-
ing electrostatic gating.41 The spin polarization direction
is opposite in two valleys due to time-reversal symmetry,
and total spin-polarization is absent. Under the condi-
tion of n < 0, on the other hand, both the spin states
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FIG. 2. Band structure of monolayer NbSe2 in (a) and
MoSe2 in (b). The horizontal line implies the Fermi energy.
The dashed lines indicate the bands computed by a multi-
orbital tight-binding model (see Sec. III).
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FIG. 3. Fermi surface in (a) electron-doped and (b) hole-
doped MoSe2. Up-spin and down-spin states are indicated by
blue and red, respectively.
3are present in each valley. The electrons in MoSe2 can
be characterized by spin and valley indexes at any charge
density.
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FIG. 4. Fermi surface in pristine monolayer NbSe2.
In NbSe2 monolayer, the band is quite similar to that
of MoSe2 due to the crystal structure as shown in Fig. 2,
but the band is partially filled even at the charge neutral
point because the atomic number of Nb is one less than
Mo. We show the Fermi surface of pristine NbSe2 mono-
layer in Fig. 4. The Fermi pockets appear around three
high-symmetry points, the K, K ′, and Γ points. We rep-
resent the pockets as the K, K ′, and Γ valleys in what
follows. In every valleys, both the two spin states are
present. The spin polarization is non-zero and opposite
each other in the K and K ′ valleys, but the populations
of two spins are equal to each other in the Γ valley. Ev-
ery Fermi pockets are strongly trigonal warping due to
three-fold symmetry of crystal structure.
III. CALCULATION METHOD
To calculate the electronic transmission probability, we
adopt a tight-binding model in bases of Wannier func-
tions, where the hopping integrals are computed from
the first-principles band structure in Sec. II. The max-
imally localized Wanner functions and spin-dependent
hopping integrals are computed by using Wannier9042.
Here, we adopt three d-orbitals |M,d3z2−r2〉, |M,dxy〉,
and |M,dx2−y2〉 of transition-metal atom M , and three
superpositions of p-orbitals of top selenium Set and bot-
tom one Seb as |Se+, px〉, |Se+, py〉, and |Se−, pz〉 with
|Se±, pν〉 ≡ (|Set, pν〉±|Seb, pν〉)/
√
2. These orbitals have
even parity under mirror operation in the z axis and they
are independent of odd parity orbitals in the electronic
structure. We show the band structure calculated by
the tight-binding model in Fig. 2. It well reproduces the
first-principles bands.
We simulate the electronic transmission in lateral het-
erostructures at zero temperature by using the multi-
orbital tight-binding model including the interface be-
tween MoSe2 and NbSe2 monolayers. Here, NbSe2 mono-
layer shows the phase transition, CDW and supercon-
ductivity, at low temperature but we consider normal
states of NbSe2 for investigating the fundamental trans-
port property of metallic NbSe2 monolayer. We as-
sume a commensurate interface, where two atomic lay-
ers are bonded without dangling and misalignment as
shown in Fig. 1, and a periodic boundary condition
parallel to the interface. The incident electronic wave
with ky in MoSe2 transmits to NbSe2 as a wave with
k′y = (aMo−Mo/aNb−Nb)ky , and thus the transmission co-
efficient is defined at each ky . In what follows, we repre-
sent both the wave numbers, ky and k
′
y, by ky. Despite
the mismatch of lattice parameters, such a commensurate
heterostructure has been fabricated experimentally.24,31
To use lattice Green’s function method, we consider a
unit cell including four transition-metal atoms and eight
Se as shown in Fig. 1. Here, we adopt the hopping matrix
in NbSe2 as that between MoSe2 and NbSe2 because the
outer shell of Mo and Nb atoms is same as 4d-orbitals,
and the hopping integral is similar to each other in the
two monolayers.
We calculate the transmission probability t˜µν(ky) by
using lattice Green’s function method for multi-orbital
tight-binding model8,43,44, where ν and µ represent the
incoming and outgoing waves in MoSe2 and NbSe2, re-
spectively. The conductance per unit width is given by
ge =
e2
pi~
∫
dky
2pi
∑
µ,ν
∣∣∣∣
√
vµ
vν
t˜µν(ky)
∣∣∣∣
2
. (1)
Here, vµ and vν are the velocity along the x axis for the
outgoing wave in NbSe2 and the incoming wave in MoSe2,
respecitvely. We define the positive direction in the x axis
as the transmission direction. Thus, the electronic waves
µ and ν have the positive velocity in the x axis. The
wave function is represented by the periodic part cj , wave
amplitudes of Wanner functions, in a unit cell and the
phase shift λ = e−iφ in the transmission process between
adjacent cells. The coefficients are the eigenfunction and
eigenvalue of the following equation for each ky in pristine
MoSe2 and NbSe2 monolayers as
λ
(
cj
cj−1
)
=
(
hˆ−11 (ky)(hˆ0(ky)− EF ) −hˆ−11 (ky)hˆ−1(ky)
1 0
)(
cj
cj−1
)
, (2)
with the onsite potential hˆ0(ky), and the right-going and left-going hopping matrix hˆ1 and hˆ−1, respec-
4tively. The velocity in the x axis is calculated by vµ =
(cj , cj−1)
†vˆx(cj , cj−1) with the velocity operator as
vˆx = −iax
~
(
0 hˆ−1(ky)
hˆ1(ky) 0
)
, (3)
where ax is the length of square unit cell in Fig. 1 along
x. Here, the Fermi energy EF is computed under the
condition of a charge density n as
n = n0 −
∫
d2k
(2pi)2
θ(Eα,k − EF ), (4)
where n0 is the charge density of nuclei, and Eα,k is the
energy dispersion in Fig. 2. We consider the charge in-
duction by using a top or back gate being homogeneous
in the xy plane. By gating, opposite charges are induced
in the substrate and homogeneously distributed in the
xy plane. Thus, we can assume that the induced charges
in the heterojunction are distributed homogeneously, i.e.,
n = const., in the xy plane due to the local charge neu-
trality. Then, the Fermi energy is also applied to the
MoSe2 and NbSe2 regions in the lateral heterojunction.
We also calculate kx of incoming and outgoing waves by
using φ = kxcx, and thus we can characterize these waves
by the valley degree of freedom τ by referring to the Fermi
surface in Figs. 3 and 4. Therefore, the wave index, µ and
ν, is given by the valley index τ and the spin index s. By
picking up a spin and a valley, it is possible to calculate
the conductance of spin-polarized electrons transferring
between two valleys.
IV. NUMERICAL RESULTS
First, we show the charge density-dependence of elec-
tric conductance ge in Fig. 5. The conductance drops
around n = 0 in both the two types of heterostructures
with an armchair-type interface and a zig-zag-type in-
terface in Fig. 1 (a) and (b), respectively, and it mono-
tonically increases with |n|. This is because the Fermi
level is in the insulating gap under n = 0, and the con-
ducting channels increase with |n| in MoSe2. At every
non-zero charge densities, the heterostructure with the
armchair-type interface gives a larger ge than that with
the zig-zag-type interface. The armchair interface allows
electrons transferring between different valleys, e.g., K
and Γ, in MoSe2 and NbSe2 as discussed below, and
thus it enhances the total transmission probability. In
the transmission process, the electronic spin is conserved
due to the mirror symmetry in the z axis, the out-of-
plane direction. Thus, the conductance ge is separated
into that of up-spin electrons g↑ and down-spin electrons
g↓. In TMDC monolayers, the spin relaxation is sup-
pressed even in the presence of non-magnetic impurity
due to the mirror symmetry.44–46 The two spin compo-
nents are balanced due to the equal population of two
spins in the presence of time-reversal symmetry.
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FIG. 5. The charge density-dependence of electric conduc-
tance per unit width (solid line) in the heterojunction with an
armchair-type interface (a) and a zig-zag-type interface (b).
The dashed lines indicate the conductivity for each spin state.
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FIG. 6. Valley and spin dependence of electric conductance
in lateral heterostructure with a zig-zag interface. (a) and
(b) represent the transmission of electron in the K and K′
valleys, respectively.
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FIG. 7. Valley and spin dependence of electric conductance in lateral heterostructure with an armchair interface. Upper
panels (a)-(c) and lower panels (d)-(f) represent the transmission of electron in the K and K′ valleys of MoSe2.
Nest, we show the valley-dependent conductance in
the two types of heterostructures in Figs. 6 and 7. The
heterostructure with a zig-zag interface preserves mirror
symmetry in the y axis. Thus, the transmission proba-
bility is equivalent in both the valleys as shown in Fig.
6. When passing through the zig-zag interface, electrons
preserve the valley degree of freedom due to conservation
of wave number ky parallel to the interface. Here, ky is
parallel to the M −K direction in Figs. 3 and 4, and the
transmission of electron with ky is non-zero as long as
electronic states are present in the Fermi surface of both
MoSe2 and NbSe2. Since the spin is fully polarized in the
K andK ′ valleys on the condition of 0 < n in MoSe2, the
spin and valley are locked to each other in the transmis-
sion process. In n < 0, on the other hand, the up-spin
and down-spin electrons flow above n = 3 × 1013 cm−2
in both the two valleys.
In Fig. 7, we show the spin and valley dependence of
conductance of the heterojunction with an armchair-type
interface. Valley-conserving transmission probability is
similar to that in the zig-zag interface. Moreover, elec-
trons in MoSe2 are able to transmit with switching the
valley to Γ as shown in (b) and (e), but the valley-switch
between the K and K ′ valleys is highly suppressed even
in this heterostructure as shown in (c) and (d). The
electronic flow in the Γ valley carries the spin current in
0 < n. The spin flow is attributed to the difference of
transmission coefficient for incoming electronic waves in
the K and K ′ valleys of MoSe2. Here, the transmission
coefficient is defined as tµν =
√
vµ/vν t˜µν , which is the
integrand in Eq. (1), and it depends on the ratio of Fermi
velocity vµ/vν in the pristine NbSe2 andMoSe2. We show
the Fermi velocity in MoSe2 and NbSe2 in Fig. 8, where
the electronic states having the right-going velocity and
(a) Up-spin (K’)
Γ
Monolayer MoSe2 Monolayer NbSe2
k y
kx
(c) Down-spin (K)
Γk y
kx
(b) Up-spin (Γ)
Kk y
kx
(d) Down-spin (Γ)
K’k y
kx
FIG. 8. Fermi velocity in MoSe2 and NbSe2 with n = 1×10
14
[cm−2]. Dashed lines indicate the upper and lower ky at which
conducting channels present in MoSe2. The arrow represents
the Fermi velocity, and its length is the relative speed.
being inside of dashed lines are corresponding to the wave
vector holding conducting channels. The Fermi velocity
of right-going states with down-spin is much smaller than
that with up-spin in NbSe2. The spin current in the Γ
valley is caused by this anisotropy of Fermi velocity. The
6armchair interface allows us to obtain not only the spin-
polarized electronic current in the Γ valleys but also the
valley polarized current between the K and K ′ valleys,
which can be observed by valley Hall effect due to the
opposite Berry curvature in the two valleys.1,3,47
V. DISCUSSION
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FIG. 9. Spatially electrostatic potential as a function of the
out-of-plane coordinate in pristine MoSe2 and NbSe2 mono-
layers. The dashed lines indicate the positions of chalcogen
atoms.
In the previous section, we consider the heterojunction
with a charge density induced by electrostatic gating. In
this section, we discuss the effect of chemical doping in
the lateral heterojunction. The dopants form impurity
levels inside the gap of semiconductor and pin the Fermi
energy at a level without gating. Around the interface,
the charge density is modulated due to the difference
of work function between MoSe2 and NbSe2. We cal-
culate the electrostatic potential for electrons as a func-
tion of z, the out-of-plane coordinate, by using quantum-
ESPRESSO and plot it referring to the Fermi level in
Fig. 9. Here, we set the origin of z at the transition-metal
atoms and adopt the potential at z/dSe−Se = 2 as the vac-
uum level. The work function is defined by the vacuum
level with respect to the Fermi energy. We compute the
work function WMoSe2 = 5.217 eV and WNbSe2 = 5.447
eV, where WMoSe2 is similar to a previous work
48, and
obtain the difference WMoSe2 − WNbSe2 = −0.230 eV.
Since the semiconducting TMDC, MoSe2, has a smaller
work function than the metallic TMDC, NbSe2, a Schot-
tky barrier is formed in the junction of electron-doped
MoSe2 due to the modulation of doped carrier density.
In the hole-doped heterostructure, on the other hand, the
junction has a Ohmic contact.
Around the interface of realistic materials, charges
transfer between two TMDCs due to the difference of
work functions. The charge transfer modifies the Fermi
energy near the interface and it can be treated as a con-
tact resistance. It reduces the transmission probability
but the spin and valley polarization is unchanged quali-
tatively because time-reversal and mirror symmetries are
preserved. Furthermore, the control of contact resistance
for atomic layered materials has been developing, e.g.,
graphene-metal junction49. In our calculation, we assume
the uniform Fermi energy over each TMDC for analyzing
an ideal transmission case.
Finally, we discuss the experimental observation asso-
ciated with the spin and valley dependent transmission in
the lateral heterojunction. We show that the spin of con-
duction electrons is not polarized at a single heterojunc-
tion as shown in Fig. 5. By combining the armchair and
zig-zag interfaces, on the other hand, the two-interface
heterojunction induces the spin and valley polarized cur-
rent. In Fig. 10, the left interface changes the transmis-
sion probability between the K and K ′, and the right in-
terface allows the equal transmission for the two valleys.
Then, the spin and valley polarization induced by the left
interface remains in the right MoSe2 region. Therefore,
the spin and valley dependent transmission can be shown
in the two-interface hererojunction experimentally.
FIG. 10. The schematic of MoSe2-NbSe2-MoSe2 junction
with two boundaries. The arrows indicate the current direc-
tion.
VI. CONCLUSION
We have investigated the electronic transport property
of lateral heterojunctions of metallic NbSe2 monolayer
and semiconducting MoSe2 monolayer and shown that
the spin and valley dependence of conductance changes
with the interface structure. The zig-zag interface con-
serves the spin and valley of conduction electron in the K
andK ′ valleys, and the conductance is independent of the
valley and spin. This means that NbSe2 can be applied to
7the lead in spintronic or valleytronic devices of semicon-
ducting TMDCs. When electrons pass through an arm-
chair interface, the electronic spin is also conserved, but
the valley, on the other hand, changes in the transmission
process. This valley-flip increases the total transmission
probability, and thus the conductance is larger than that
with the zig-zag interface in 0 < n. Moreover, the trans-
mission probability is strongly depending on the spin and
valley, and thus conduction electrons are spin-polarized
in each valley. The lateral heterostructure can be useful
in spintronics and valleytronics, and its transport prop-
erties studied here provide the opportunity to develop
devices made by only atomic layers.
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